CXCR4 regulates hematopoietic and tumor cell homing to bone, but its role during osteoclast (OC) development is unknown. We investigated the role of CXCR4 in osteoclastogenesis and in a model of bone metastasis. Compared with controls, mice reconstituted with CXCR4 null hematopoietic cells exhibited elevated markers of bone resorption, increased OC perimeter along bone, and increased bone loss. CXCR4؊/؊ OCs demonstrated accelerated differentiation and enhanced bone resorption in vitro. Furthermore, tumor growth specifically in bone was significantly increased in mice reconstituted with CXCR4؊/؊ hematopoietic cells. Finally, enhancement of bone tumor growth in the absence of CXCR4 was abrogated with the OC inhibitor, zoledronic acid. These data demonstrate that disruption of CXCR4 enhances osteoclastogenesis and suggest that inhibition of CXCR4 may enhance established skeletal tumor burden by increasing OC activity.
B one metastases are a significant cause of morbidity, causing pain, pathologic fractures, spinal cord compression, and hypercalcemia (1) . Tumor cells that reach the bone marrow (BM) can stimulate one or both types of cells involved in bone remodeling, namely osteoblasts (stromal cell origin) or osteoclasts (OCs) (hematopoietic cell lineage), leading to new bone formation and osteoblastic lesions or bone loss and osteolytic lesions, respectively. OC resorption releases bone matrix-derived growth factors that can enhance local tumor growth (1) (2) (3) . Disruption of OC resorption can decrease tumor growth in bone (3), and we have recently shown that pharmacologic enhancement of OC activity with granulocyte-colony stimulating factor increases tumor growth in bone in mice (4) .
CXCR4 is a seven-transmembrane G protein-coupled receptor expressed by many cell types, including hematopoietic, endothelial, stromal, and neuronal cells (5) . Stromal cell-derived factor-1 (SDF-1) (or CXCL12) is the only known ligand for CXCR4 and is produced by multiple BM cell types, including stromal cells, osteoblasts, and OCs (6) (7) (8) . CXCR4/SDF-1 are critical molecules in the process of hematopoietic stem cell (HSC) homing to and egress from the BM (9, 10) . Gene-targeted disruptions of CXCR4 and SDF-1 are embryonic lethal, but examination of late-stage embryos reveal diminished HSC homing to the fetal BM (11) (12) (13) . Additionally, inhibitors of either SDF-1 or CXCR4 have been shown to impair BM engraftment in transplant models (5) . Small molecule inhibitors of CXCR4 mobilize HSCs and progenitor cells from the BM into the peripheral blood. Clinical trials are underway using CXCR4 inhibitors to mobilize and collect HSCs/hematopoietic progenitor cells from the peripheral blood in preparation for stem cell transplantation for malignant BM diseases (14) .
Signaling through CXCR4 has been shown to have both stimulatory and inhibitory roles on various hematopoietic cells, including promoting survival and proliferation of HSCs (5) , inducing apoptosis in T cells (15) , or causing quiescence in neural progenitors (16) . The signaling pathways activated depend on the cell type and physiologic context (17) . CXCR4 is expressed on macrophages, the hematopoietic precursor of the OC (7) , and OCs can migrate toward SDF-1 gradients (18) but CXCR4's role during osteoclastogenesis is not well established.
Recently, attention has been given to the role of CXCR4 in tumor biology and metastasis to bone and other SDF-1-rich organs. Disruption of tumor-derived CXCR4 can decrease the invasiveness of a number of different cancer cell lines in vitro (19) and diminishes lung and bone metastases in vivo (20) (21) . Conversely, overexpressing CXCR4 in tumor cells promotes bone metastasis in mice (22) .
We examined the role of host CXCR4 in OC function and bone metastasis. Because of the embryonic lethality of global CXCR4 disruption, we generated CXCR4Ϫ/Ϫ and WT mice by performing fetal liver transplants in lethally irradiated WT mice. Loss of CXCR4 enhanced osteoclastogenesis in vitro and in vivo and increased precursor proliferation and differentiation. Bone but not lung and s.c. tumor growth was significantly enhanced in CXCR4Ϫ/Ϫ mice compared with WT controls. Enhancement of tumor growth in bone in CXCR4Ϫ/Ϫ mice was abrogated with the OC inhibitor, zoledronic acid. These data demonstrate that disruption of CXCR4 enhances osteoclastogenesis and suggest that inhibition of CXCR4 may enhance established skeletal tumor burden by increasing OC activity.
Results

Genetic Disruption of CXCR4 Results in Increased Bone Resorption and
Increased OC Numbers in Vivo. CXCR4 hematopoietic null (CXCR4Ϫ/Ϫ) and WT (WT-CXCR4ϩ/ϩ) control mice were generated via fetal liver transplant. Flow cytometry of BM macrophages (BMMs) stained for Mac-1 (CD11b) and CXCR4 confirmed the expression or absence of CXCR4 in the macrophage (OC precursor) population in transplanted animals ( Fig. 1A) .
Five weeks after transplantation, we measured serum tartrateresistant acid phosphatase (TRAP) 5b, an enzyme specific to OCs, which correlates with OC number (23) , and observed a 20% increase in serum TRAP 5b in CXCR4Ϫ/Ϫ mice compared with WT controls (Fig. 1B ). CXCR4Ϫ/Ϫ mice had elevated serum carboxyl-terminal collagen cross-links (CTX), a marker of bone collagen degradation indicative of increased OC resorption, compared with WT controls (Fig. 1B ). Histomorphometric analyses of tibias from transplanted animals revealed a 2-fold decrease in trabecular bone area ( Fig. 1C ) and a 2-fold increase in OC perimeter ( Fig. 1D ) in CXCR4Ϫ/Ϫ mice compared with WT controls. Taken together, these data suggest that loss of hematopoietic CXCR4 enhances OC formation and activity in vivo.
Loss of CXCR4 Leads to Cell Autonomous Enhancement of OC Forma-
tion and Resorption in Vitro. CXCR4 hematopoietic null and WT BMMs were plated in osteoclastogenic media containing macrophage colony-stimulating factor (M-CSF) and receptor activator of NF-B ligand (RANKL). CXCR4Ϫ/Ϫ BMM formed mature OCs earlier than WT macrophages and produced increased levels of OC resorptive protein, TRAP, in vitro ( Fig. 1 D and E) . Interestingly, exogenous SDF-1 administration to WT BMM cultured with M-CSF and RANKL did not alter OC formation or TRAP protein levels [supporting information (SI) Fig. 6A ]. However, we did find that SDF-1 was expressed by murine WT and CXCR4Ϫ/Ϫ cultured macrophages and OCs by RT-PCR (SI Fig. 6B ), as has been observed in human macrophages (7) , which could account for the lack of OC formation effects of additional exogenous effects of SDF-1. Furthermore, the CXCR4Ϫ/Ϫ macrophages had a significant increase in SDF-1 mRNA compared with WT cells consistent with a cell autonomous feedback mechanism (SI Fig. 6B ).
To account for potential differences in HSC homing to bone marrow, fetal liver-derived macrophages (FLMs) from both WT and CXCR4Ϫ/Ϫ, embryos were directly cultured in M-CSF and RANKL. CXCR4Ϫ/Ϫ fetal liver-derived OCs produced increased numbers of OCs ( Fig. 2 A and B) with 30% increase in nuclei number ( Fig. 2C ) compared with WT cells. When cultured on bone, CXCR4Ϫ/Ϫ OCs produced a 3-fold increase in bone resorption pit area compared with WT cells (Fig. 2D ). These data suggest that loss of CXCR4 enhances OC formation and activity from both BMMs and FLMs.
CXCR4؊/؊ Macrophages Demonstrate Increased Proliferation and
Accelerated OC Differentiation. One explanation for increased OC formation in CXCR4Ϫ/Ϫ cells could be through enhanced proliferation of OC precursors, because SDF-1 has been shown to reduce the proliferation of neural stem cells (16) . CXCR4Ϫ/Ϫ FLMs demonstrated a 2-fold increase in proliferation compared with WT FLM (Fig. 3A ). We next evaluated whether the increased osteoclastogenesis in CXCR4Ϫ/Ϫ cells could be caused by a prolonged OC lifespan, because SDF-1 can induce T cell apoptosis in certain situations (15) . OCs are terminally differentiated cells that undergo apoptosis after maturation. No differences in apoptosis, as measured by histone-associated DNA fragments, were observed be-tween CXCR4Ϫ/Ϫ and WT mature OC cultures ( Fig. 3B ). Taken together, these data suggest that CXCR4 signaling inhibits macrophage proliferation, but does not affect apoptosis in mature OCs.
Because CXCR4 null macrophages generated OCs earlier than WT macrophages, we examined mRNA levels of TRAP and Cathepsin K, two markers of OC differentiation, by real-time PCR at different time points during differentiation. CXCR4Ϫ/Ϫ pre-OCs (day 2) and OCs (day 4) demonstrated a Ͼ2-fold increase in levels of TRAP and Cathepsin K compared with WT cells (Fig. 3C ). Levels of CXCR4 mRNA decrease as WT murine macrophages mature into OCs (Fig. 3C ), and as expected there were no detectable levels of CXCR4 in the CXCR4Ϫ/Ϫ FLMs and OCs (Fig. 3C ). We next examined the formation of the actin ring, a characteristic of mature OCs cultured on bone. CXCR4Ϫ/Ϫ cells formed mature actin rings earlier than their WT counterparts ( Fig. 3D) , again suggesting accelerated differentiation in the CXCR4Ϫ/Ϫ cells.
Genetic Disruption of Host CXCR4 Leads to Increased Osteolytic Tumor
Growth in Bone in Vivo. Because CXCR4Ϫ/Ϫ mice demonstrated increased OC activity, we hypothesized that CXCR4Ϫ/Ϫ mice would have increased tumor growth in bone because increases in OC activity are known to enhance tumor growth in bone (1, 4) . Three weeks after hematopoietic cell reconstitution with CXCR4 or WT fetal liver cells, 10 5 osteolytic B16 syngeneic mouse melanoma firefly luciferase (FL)-labeled cells (B16-FL) that do not express CXCR4 (SI Fig. 7A ) were inoculated into the arterial system by left ventricular (LV) injection. In vivo bioluminescence imaging demonstrated a Ͼ2-fold increase in tumor burden in bone in CXCR4Ϫ/Ϫ compared with WT controls at all time points examined. Furthermore, the slope of the line for tumor growth in the CXCR4Ϫ/Ϫ setting (slope ϭ 60) was three times higher than that for the WT setting (slope ϭ 20), consistent with an increased rate of tumor growth in CXCR4Ϫ/Ϫ bones ( Fig. 4 A and G) . Histomorphometric analysis of the bones of CXCR4Ϫ/Ϫ mice demonstrated increased tumor area and a Ͼ2-fold decrease in trabecular bone volume compared with WT controls ( Fig. 4 B-D ). There were no significant differences in serum SDF-1 levels within the BM of WT and CXCR4Ϫ/Ϫ (SI Fig. 7B ) mice, and the B16-FL tumor cells did not express CXCR4 (SI Fig. 7A ). Thus, it is unlikely that the increase in tumor burden in CXCR4Ϫ/Ϫ bones was caused by differences in CXCR4-mediated homing of tumor cells. Taken together, these data suggest that disruption of CXCR4 in the host hematopoietic compartment creates an environment favoring enhanced tumor growth in bone. 
Genetic Disruption of CXCR4 Does Not Affect Tumor Growth in the
Subcutaneous Compartment or the Lungs. To determine whether or not the enhanced tumor growth seen in the CXCR4 hematopoietic null setting was bone-specific, B16-FL cells were inoculated s.c. or i.v. into mice of each genotype. In vivo bioluminescence imaging of B16-FL SC tumors demonstrated no differences in tumor burden between WT controls and CXCR4Ϫ/Ϫ ( Fig. 4 E and G) . In vivo bioluminescence imaging to monitor the occurrence of lung metastases after B16-FL i.v. injection demonstrated no difference in lung tumor burden between WT controls and CXCR4Ϫ/Ϫ mice ( Fig. 4 F and G) . These data suggest that the increased tumor growth seen in the bone metastasis model was not seen in s.c. tumors or lung metastases.
Zoledronic Acid Prevents the Enhancement of Tumor Growth in Bone
in CXCR4؊/؊ Mice. To examine whether the increased tumor growth in bone in CXCR4Ϫ/Ϫ mice was related to enhanced OC activity, we pretreated a cohort of CXCR4Ϫ/Ϫ mice with the OC inhibitor, zoledronic acid, before tumor inoculation. The bisphosphonate, zoledronic acid, has been shown to disrupt OC function in vivo and in vitro and block tumor-associated bone loss in mice and humans (1, 24) . Tumor growth in bone in the CXCR4Ϫ/Ϫ mice treated with zoledronic acid was similar to WT controls; whereas tumor growth in bone was significantly increased at all time points evaluated in the vehicle-treated CXCR4Ϫ/Ϫ mice (Fig. 5A ). Histomorphometric analysis confirmed decreased tumor area in the bones of CXCR4Ϫ/Ϫ mice treated with zoledronic acid compared with saline controls (Fig. 5 B-D) . These data suggest that the enhanced tumor growth in bone observed in the CXCR4Ϫ/Ϫ mice can be disrupted by zoledronic acid.
Discussion
We have demonstrated that genetic disruption of CXCR4 increases markers of OC number and function in vivo. Additionally, loss of CXCR4 leads to enhanced OC formation and function in both BMs and FLMs in vitro in a cell-autonomous manner. These findings suggest that disruption of CXCR4 enhances osteoclastogenesis.
Because of the BM homing defects observed in CXCR4Ϫ/Ϫ HSCs (5, 9, 10) , we anticipated decreased BM OCs. However, we found that mice reconstituted with CXCR4Ϫ/Ϫ HSCs from fetal liver developed increased OC perimeter, serum TRAP 5b, serum CTX, and decreased trabecular bone volume compared with WT controls. We also found that SDF-1 levels in the BM of WT and CXCR4Ϫ/Ϫ mice were equivalent, despite the increased levels of SDF-1 seen in CXCR4Ϫ/Ϫ macrophages and OCs in vitro. This finding is likely because most SDF-1 in the BM is produced by osteoblasts and stromal cells, which are WT in origin in both WT and CXCR4Ϫ/Ϫ hematopoietic transplant animals. These data also suggest that altered levels of the homing chemokine SDF-1 were not likely responsible for the increased numbers of OCs observed in CXCR4Ϫ/Ϫ mice.
Mechanistically, the increased osteoclastogenesis seen in the CXCR4Ϫ/Ϫ background could be explained by enhanced proliferation and/or accelerated differentiation of macrophages. Loss of CXCR4 resulted in increased proliferation of OC precursor macrophages, which correlates with data from other groups (16). The addition of exogenous SDF-1 to WT macrophages did not effect OC formation or activity in our hands, and we found that murine BMMs and OCs express endogenous SDF-1 (SI Fig. 6 ). It has been reported that SDF-1 when given exogenously promotes human OC migration and activity (18, 25) , but no dramatic alterations in numbers of OCs have been reported. We have shown that murine macrophages and OCs express endogenous SDF-1, which may explain why we do not see effects of exogenous SDF-1 on OC development. Additionally, recent evidence suggests that SDF-1 binds to at least one receptor other than CXCR4, namely, CXCR7 (26, 27) . Although we did not find CXCR7 to be expressed on macrophages or OCs in our model, it is possible that SDF-1 binds to yet another receptor and that the previously reported effects of SDF-1 on OC function are a result of signaling through a receptor other than CXCR4. Furthermore, it is also possible that CXCR4 may signal via a ligand other than SDF-1.
The observed increase in OC markers in CXCR4Ϫ/Ϫ pre-OCs (D2) and OCs (D4) suggest that macrophage differentiation into OCs may be accelerated in the absence of CXCR4. Several groups (28) (29) (30) (31) (32) have shown that signaling through p38 is important for OC differentiation. We found that phosphorylation of p38 was modestly increased in the CXCR4Ϫ/Ϫ macrophages (data not shown). CXCR4 is linked to G␣I and diminishes PKA activation via inhibition of adenyl cyclase. PKA phosphorylates TAK-1, a MAP-KKK upstream of p38 (33) . Thus, it is possible that CXCR4 leads to decreased activation of p38 MAPK in some instances.
OC activity can enhance tumor cell growth within bone (1, 4, 34, 35) . Consistent with previous data demonstrating the enhancing effects of osteoclastic bone resorption on tumor growth in bone, we found that loss of CXCR4 on HSCs resulted in enhanced tumor growth within bone but not the lungs or s.c. tissues of CXCR4Ϫ/Ϫ animals. Although the observed increase in tumor burden could potentially be explained by a global immune defect, as CXCR4 has been shown to play an important role in the function of other hematopoietic cells, including T and B cells (36) , the tissue-specific increase in tumor burden seen here makes this explanation less likely. Recently, Jones et al. (37) concluded that B16 tumor cells could induce bone loss independent of OC activity despite numerous reports that tumor cells require OCs to induce osteolysis (38) . We have previously shown that the clone of B16 cells labeled with luciferase used in these experiments does not induce bone loss in OC-defective mice (39) , suggesting that bone destruction seen in this B16-FL model is not likely mediated directly by tumor cells.
Several groups (20, 21, 40, 41) have shown that short-term pharmacologic inhibition of CXCR4 in systems where tumor cells express CXCR4 results in decreased tumor burden; however, it is not clear whether the decrease in metastasis and tumor growth was secondary to direct anti-tumor effects or homing. Effects on OC resorption were not reported. Evaluation of CXCR4 inhibitors in patients with cancer is under consideration (2) and will likely involve chronic, long-term administration of CXCR4 inhibitors to prevent ongoing metastasis and decrease tumor growth of CXCR4positive tumors. In our genetic model, we have shown that disruption of host hematopoietic CXCR4 results in enhanced tumor growth within the skeleton.
There is increasing evidence that cancer therapies have detrimental effects on skeletal health (42) . We have recently shown that granulocyte colony-stimulating factor, a growth factor commonly used to support chemotherapy can enhance osteoclastogenesis and increase tumor growth in bone in mice (4) . Likewise, tumors that produce granulocyte-macrophage colony-stimulating factor have enhanced OC recruitment and tumor growth in bone in mice (43) . We found that disruption of CXCR4 on murine hematopoietic cells enhanced tumor burden in bone in part through its effect on OCs; therefore, monitoring of skeletal health should be evaluated with the clinical use of CXCR4 inhibitors, particularly in patients with bone metastases.
Methods
Cells. B16-FL cells have been described (4).
Animals. C57BL/6 mice were obtained from Harlan Laboratories (Indianapolis, IN). CXCR4ϩ/Ϫ breeding pairs were obtained from Jackson Laboratory (Bar Harbor, ME). Mice were housed according to the guidelines of the Division of Comparative Medicine, Washington University School of Medicine, and the animal ethics committee approved all experiments.
Fetal Liver Transplantation. Fetal livers were harvested from embryonic day 14-16 embryos generated by setting up timed pregnancies between CXCR4ϩ/Ϫ mice. Single-cell suspensions were frozen in RPMI medium 1640 with 20% FCS and 20% DMSO (Sigma, St Louis, MO). A portion of the embryo was saved to determine genotype by PCR. Five-week-old C57BL/6 recipients were lethally irradiated by using a 137 Cs source with 900 rads. Single-cell suspensions of 10 6 CXCR4Ϫ/Ϫ or WT thawed fetal liver cells were injected into the lateral tail vein of each recipient mouse to generate CXCR4Ϫ/Ϫ mice and WT controls.
Serum CTX Assay. CTX was measured from WT or CXCR4Ϫ/Ϫ mouse fasting serum by using a CTX ELISA system (Nordic Bioscience Diagnostics, Herlev, Denmark).
Serum TRAP 5b Assay. TRAP 5b was measured in WT or CXCR4Ϫ/Ϫ mouse serum by using a TRAP 5b ELISA system (IDS, Fountain Hills, AZ).
Bone Histomorphometry. Bone volume/total volume, OC perimeter/ bone perimeter, and tumor area were measured according to a standard protocol using Bioquant Osteo blinded to genotype (Bioquant Image Analysis, Nashville, TN) (4, 44) .
In Vivo Bioluminescence Imaging and Analysis. Tumor imaging was performed with a CCD camera (IVIS 100; Xenogen, Alameda, CA) as described (4) .
LV or Intraarterial Bone Metastasis Model.
Mice were anesthetized and inoculated intraarterially in the left cardiac ventricle (operators were blinded to genotype) with 10 5 B16-FL cells as described (4, 39) . In vivo bioluminescence imaging was performed on days 8, 10, and 12 at which point mice were killed.
Drug Administration. A 0.75-g s.c. dose of zoledronic acid or vehicle was given 10 and 3 days before LV tumor injection. Subcutaneous Tumor Injections. A total of 10 5 B16-FL cells were injected s.c. on the dorsal surface of anesthetized mice (blinded to genotype) and imaged on days 5, 7, 10, and 14.
Intravenous Bone Metastasis Model. A total of 2 ϫ 10 5 B16-FL cells in 200 l of PBS were injected into the lateral tail vein of mice by operators blinded to genotype and imaged on days 7, 9, 12, and 16.
Image Acquisition. Images of cells and isolated tibias were taken with an Eclipse TE300 inverted microscope (Nikon, Tokyo, Japan) connected to a Magnafire camera model S99802 (Optronics, Goleta, CA) using the ϫ4 Nikon lens (N.A. 0.13) or ϫ10 Nikon lens (N.A. 0.30).
OC Formation Assays. Primary BMMs or primary FLMs were generated as described using whole BM extracted from femurs and tibias of transplanted C57BL/6 mice (3-6 weeks after transplantation) or directly from fetal livers. Cultured OCs were generated from BMM or FLM plated at 5 ϫ 10 5 per ml in ␣-MEM containing 10% FCS, CMG-14-12 supernatant (1/20 vol), and GST-RANKL (100 ng/ml) and incubated at 37°C in 6% CO 2 , 94% room air for 5 days as described (4, 45) . TRAP staining was performed according to the manufacturer's instructions (Sigma). A quantitative TRAP solution assay (modified from ref. 46 ) was performed as described (4) .
Bone Resorption Assays. Bone resorption assays were performed as described (47) . Pit area was determined from five ϫ4 fields by using Osteo software (Bioquant, Nashville, TN) blinded to genotype.
Actin Ring Formation Assays. Actin ring formation assays were performed as described (48) . with FITC-conjugated anti-mouse CD11b (Mac-1; eBioscience, San Diego, CA) and biotinylated rat anti-mouse CD184 (CXCR4) (BD PharMingen, La Jolla, CA) for 25 min on ice and then washed and incubated with phycoerythrin streptavidin (eBioscience) for 15 min on ice, then washed and analyzed on a FACScan Flow Cytometer (BD Biosciences, San Jose, CA).
Reverse Transcription and Real-Time PCR. Total RNA from primary BMM, FLM, and OCs were isolated with the RNeasy mini kit (Qiagen, Valencia, CA) and digested with DNase to eliminate genomic DNA. Complementary DNA was made by using the SuperScript first-strand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA). Semiquantitative PCR was performed with mousespecific primers for CXCR4. Sequences for CXCR4 were: forward, TAGGATCTTCCTGCCCACCAT; reverse, TGACCAGGAT-CACCAATCCA; Real-time PCR was performed with mousespecific primers using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) on the Bio-Rad i-cycler. Mouse-specific primers for CXCR4 and SDF-1 were purchased from Superarray Bioscience. TRAP, Cathepsin K (Ctsk), and GAPDH were ordered from IDT, Coralville, IA). Sequences were: GAPDH, forward TCAACAG-CAACTCCCACTCTTCCA, reverse ACCCTGTTGCTGTAGC-CGTATTCA; Ctsk, forward AGGCAGCTAAATGCAGAGGG-TACA, reverse AGCTTGCATCGATGGACACAGAGA; and TRAP, forward CGTCTCTGCACAGATTGCAT, reverse AAGCGCAAACGGTAGTAAGG.
Proliferation Assays. FLMs (10 4 ) plated in 96-well Costar assay plates (black plate, clear bottom with lid; Corning, Corning, NY) were starved in ␣-MEM containing 0.1% FCS for 12 h. Then, ␣-MEM containing 100 ng/ml recombinant M-CSF (R&D Systems, Minneapolis, MN) and BrdU were added, cells were labeled for 24 h, and proliferation was measured by using the chemiluminescent cell proliferation ELISA from Roche Diagnostics (Mannheim, Germany).
OC Apoptosis Assay.
A total of 5 ϫ 10 4 FLM were plated in osteoclastogenic media in 96-well plates for 5 or 6 days to generate OCs. Cell death was measured by cell death detection ELISA (Roche Diagnostics, Penzberg, Germany) in quadruplicate.
SDF-1 BM Serum ELISA. Femurs and tibias from each leg of WT and CXCR4Ϫ/Ϫ mice were f lushed repeatedly with 500 l of PBS, then spun at 2,000 ϫ g, the supernatant was saved, and murine SDF-1 ␣ levels were quantitated with an ELISA kit (R&D Systems).
Statistical Analysis. For experiments that involved more than two groups being compared, we used mixed repeated measures linear modeling with nonorthogonal contrasts to test hypotheses of differences between treatment groups and interactions between time and treatment groups with using SAS version 9 statistical software (SAS, Cary, NC). All other experiments were analyzed with Student's t test. In calculating two-tailed significance levels for equality of means, equal variances were assumed for the two populations.
